To determine the frequency of primary ventriculoperitoneal shunt infection among patients treated at neurosurgical centres of the Hospital Authority and to identify underlying risk factors.
Introduction
Ventriculoperitoneal (VP) shunting is one of the most common neurosurgical procedures performed to treat patients with hydrocephalus, which is a disorder related to an abnormal accumulation of cerebrospinal fluid (CSF) in the brain. The operation involves diverting CSF from the ventricles of the brain to the peritoneal cavity of the abdomen by catheter implantation. Despite being a wellestablished procedure, shunt failure can be as high as 70% in the first year with an annual occurrence rate of 5% thereafter. 1 One of the main causes for failure is shunt infection, a potentially debilitating complication that more than doubles the risk of death and exposes affected patients to 3 times as many neurosurgical procedures as non-infected patients. 2 Shunt infection varies and occurs in 3% to 17% of patients. Standard management involves intravenous antibiotic therapy, shunt removal, insertion of an external ventricular drain, and replacement with a new shunt once the patient's CSF is free of microbial infection. 1, [3] [4] [5] [6] The economic impact of VP shunt infection can be considerable. In the US, the median cost per episode per patient has been reported as US$23 500, accountable for US$2.0 billion in annual hospital charges. 7, 8 Evidence suggests that the adoption of a strict institutional implantation protocol can significantly reduce the risk of this most challenging shunt complications. [9] [10] [11] [12] This retrospective study aimed to determine the frequency of primary VP shunt reinsertions and infection among patients treated in Hong Kong's public health system and to identify risk factors for shunt infection.
Methods
This was a multicentre retrospective study of patients who underwent VP shunt implantation at all seven Hong Kong Hospital Authority neurosurgical units. The Hospital Authority is a public service highly subsidised by the Hong Kong Special Administrative Region Government, and responsible for delivering health care for 90% of inpatient bed days in the city. 13 Clinical research ethics committee approval was obtained from the participating centres. Patients who underwent primary VP shunting from 1 January 2009 to 31 December 2011 were included in this study. Those who underwent alternative CSF diversion procedures or those with a history of VP shunt implantation were excluded from this review. Data from clinical records, operation notes, medicationdispensing records, CSF biochemistry, cell counts, and microbiological cultures were collected. The primary endpoint for this study was primary VP shunt infection. The criteria for shunt infection were: (1) CSF or shunt hardware culture that yielded the pathogenic micro-organism with associated compatible symptoms and signs of central nervous system (CNS) infection or shunt malfunction 5, 14, 15 ; or (2) surgical incision site infection, as defined by the National Nosocomial Infection Surveillance System, requiring shunt reinsertion (even in the absence of a positive culture) 16 ; or (3) intraperitoneal pseudocyst formation (even in the absence of a positive culture). Secondary endpoints were shunt malfunction, defined as unsatisfactory CSF drainage that required shunt reinsertion, and 30-day mortality. Potential risk factors for shunt infection were classified as patient-, disease-, or surgical-related factors. All subjects were followed up for at least 30 days from the operation date or until death.
Statistical analysis was carried out using Pearson's Chi squared test, Fisher's exact test, and binary logistic regression to identify risk factors for shunt infection. The Kaplan-Meier (log-rank) and Cox proportional hazards models were employed for survival analysis. Patient, disease, and surgical factors were used as covariates and a stepwise regression strategy was adopted (Table 1) . P values of <0.05 were considered statistically significant. All tests were performed using the Statistical Package 
Results
During the 3-year period, 538 patients underwent primary VP shunt implantation and 87% (n=470) had complete clinical follow-up with a median duration of 37 months (range, 3 days to 76 months). Seven (1%) patients were transferred to other hospitals within 30 days of the procedure. The median duration of hospitalisation was 42 days (range, 3 days to 36 months) and the median length of time from admission to shunting was 18 days (range, <1 day to 21 months). The clinical features and surgical variables are presented in Table 1 . The mean (± standard deviation) age of patients was 48 ± 13 years (range, 13-88 years) and the male-to-female ratio was 1:1. In the study group, 80 (15%) were paediatric patients and 48 (9%) were infants. Overall, primary VP shunting was performed for post-aneurysmal subarachnoid haemorrhage communicating hydrocephalus in 169 (31%) patients, for CNS neoplasms in 164 (30%) patients, and for spontaneous intracerebral or intraventricular haemorrhage in 64 (12%) patients. For patients who had preoperative CSF sampling performed, the mean red blood cell count was 1900/µL, white cell count was 17/µL, total protein level was 0.78 g/L, and glucose level was 3.6 mmol/L.
Over one quarter of patients (n=155, 29%) had never had prior cranial neurosurgery and approaching half had undergone either one (n=141, 26%) or two (n=115, 21%) previous procedures. Antiseptic skin preparation was povidone-iodine 10% combined with another antiseptic in 422 (78%) patients and with povidone iodine alone in the remainder. The mean operating time for VP shunting was 75 ± 29 minutes. All patients had antibiotic prophylaxis of whom 328 (61%) were prescribed a third-generation cephalosporin and 40 (7%) had vancomycin. Twelve (2%) patients had a rifampicin-clindamycin antibiotic-impregnated ventricular catheter as part of the shunt system. The majority of operations were performed in an emergency setting (n=312, 58%) and shunt implantation was the sole procedure performed (n=514, 96%). The burr hole was most frequently positioned at the parietal location in 320 (59%) patients and 135 (25%) had a frontal burr hole. New burr holes were fashioned for shunt placement 95% of the time. The median number of surgeons was two, with a third of shunts performed by higher neurosurgical trainees (n=174, 32%) and the remaining performed by a neurosurgical specialist. Almost three quarters of VP shunts had a fixedpressure valve (n=390, 72%) and the predominant design utilised was the Integra Pudenz flushing valve (Integra LifeSciences Corporation, Plainsboro [NJ], US) in 324 (60%) patients.
The rate of VP shunt reinsertion was 16% (n=87) and infection was 7% (n=36). The main causes for reinsertion were malfunction (9%) followed by infection. The annual proportion of shunts that required reoperation or were infected was comparable (P=0.87) [Fig 1] . The median time from shunt implantation to shunt removal for infection was 64 days (range, 2 days to 10 months). A cumulative risk for infection was noted affecting 3% of shunts in the first 30 days, 6% in 6 months, and 7% in 1 year. Although 68 (13%) patients were lost to follow-up, attrition analysis revealed that this did not affect infection rates. The mean followup duration in this subgroup between those with infection and those without was comparable at 526 days and 554 days, respectively (P=0.43). In addition, the incidence of shunt infection in patients with incomplete follow-up (5%) was similar to those with complete follow-up (7%) [P=0. 42] .
Most infections manifested as meningitis or ventriculitis (n=19, 53%), followed by wound breakdown (n=15, 42%) and peritonitis (n=2, 6%). The most common causative bacteria were coagulase-negative staphylococci (CoNS) [n=25, 69%] of which methicillin resistance was detected in 19 (76%) patients (Table 2 ). All CoNS species were sensitive to vancomycin with a quarter of methicillin-resistant (MR) species susceptible to aminoglycosides such as gentamicin or amikacin. The second most common infective agent affecting four (11%) patients was MR Staphylococcus aureus (MRSA). Polymicrobial infection was evident in six (17%) patients. One patient with peritonitis had mixed Gram-positive and -negative microorganisms from CSF cultures.
The only patient risk factor for shunt infection was sex (Table 1) . Male patients had a greater than Table  3 ]. With respect to shunt infection, there was a difference in duration of shunt implantation for patients with the aforementioned risk factors as demonstrated by the significant separation of KaplanMeier survival curves (Fig 2) . This was ascertained by Cox regression analysis (Table 3) . Median shunt survival for trauma patients was 35 days (vs 154 days in non-trauma patients), 32 days for patients who received vancomycin (vs 124 days for alternative antibiotics), and 65 days for emergency operations (vs 208 days for elective operations).
In this study, 30-day all-cause mortality was 6% (n=32), but none was directly procedurerelated. Almost half of these patients (n=15, 47%) had an underlying malignant CNS tumour; the majority being brain metastases (n=12, 80%). After accounting for patient age, sex, disease aetiology, shunt reinsertion and infection, a diagnosis of malignant brain tumour was the only significant independent predictor for 30-day mortality with an adjusted OR of 5.6 (95% CI, 2.6-11.7).
Discussion
Ventriculoperitoneal CSF shunting has considerably reduced the morbidity and mortality of patients with hydrocephalus since its first description in 1908. 17 More than a century later the operation remains the mainstay treatment for this condition. Despite the introduction of antibiotics, improvements in shunt materials and surgical techniques, VP shunt complications are common. Long-term epidemiological studies have indicated that more than half of all patients with CSF shunts will require a surgical revision in their lifetime. 4, 18 Shunt infection is a serious complication with potentially The wide range of shunt infection rates quoted in the literature is due in part to the diverse definitions adopted for shunt infection and the patient populations studied. Many studies have defined infection as a positive CSF microbial culture or the presence of CSF pleocytosis or low CSF glucose levels with clinical features of CNS infection. 3, 11, 19 Due to the study design, a more pragmatic definition was adopted whereby infection was determined retrospectively by either a positive CSF or shunt hardware microbial culture in the presence of shunt malfunction. 5, 14, 15 Nonetheless, it is acknowledged that the true incidence of shunt infection may be overestimated by false-positive cultures from skin flora. The reasons for selecting this interpretation for shunt infection were three-fold. First, it allowed for micro-organism identification and consequent epidemiological analysis; second, infection may not be clinically apparent with malfunctioning shunts; and third, CSF cultures alone cannot exclude infection in cases of shunt malfunction. 15 The only disease risk factor independently associated with VP shunt infection was TBI. This may be due to two reasons. Delayed posttraumatic hydrocephalus invariably occurs in severe TBI patients and develops in over a third of those subject to decompressive craniectomies. 20 Such patients often have a prolonged hospital stay and undergo multiple operations before a shunt is eventually implanted. In this cohort, TBI patients had a mean duration of hospitalisation of 89 days, which was 2 weeks more than the mean stay of 74 days for hydrocephalic patients with alternative neurosurgical conditions. Protracted hospitalisation may lead to skin colonisation with drug-resistant organisms that can evade single-agent conventional antibiotic prophylaxis. 21 This is supported by evidence from this study where causative bacteria of shunt infection were resistant to the prescribed prophylactic antibiotic in 80% of TBI patients. These patients also had a mean number of three prior cranial procedures before shunting compared with two operations in patients with non-traumatic hydrocephalus aetiology. Previous surgery is well known to be a main cause of CSF leak in shunted patients and contributes to an increased risk of infection. 5, 22 Although in this patient series, the number of prior cranial procedures per se did not impart greater risk, detailed clinical data regarding CSF leak in TBI patients were not collected and therefore the influence of TBI on infection can only be inferred. An unexpected finding was that patient age was not a risk factor for shunt infection. This is in contrast to several larger studies that identified paediatric patients, especially infants (younger than a year), to be particularly at risk. 11, 23 Infants have less-developed humoral and cellular immune systems with immature skin growth rendering them more vulnerable to shunt infection. A likely reason for this observation is the small number of paediatric patients (n=80, 15%) in this cohort with only 9% (n=48) being infants. Larger sample size may delineate more distinctive differences among agegroups.
There is little doubt that systemic antibiotic prophylaxis can prevent shunt infection. 24 We, however, interestingly identified the sole use of vancomycin as a risk factor for shunt infection, a novel observation that has not been previously reported in the literature. The antibiotic was regularly reserved for patients allergic to penicillin-group antibiotics or for those with documented penicillin-resistant microbial infection or colonisation. This finding apparently seems counter-intuitive especially when all causative CoNS identified in this cohort were sensitive to vancomycin. The issue may lie with the timing of its administration before the procedure and its dosage. With regard to timing, systemic vancomycin requires slow intravenous infusion to reduce the risk of a hypersensitivity reaction that manifests as either red man syndrome or anaphylaxis and occurs in 3.7% to 47% of patients. 25 To further illustrate the incidence of these symptoms, the first randomised controlled trial investigating its efficacy in shunt procedures was prematurely discontinued due to these adverse effects. 26 Most hospital protocols require infusion rates over an hour as a minimum, but clinical trials have demonstrated that even lengthier 2-hour infusions can further reduce the frequency and severity of these reactions. 25, 27 Furthermore, the efficacy of vancomycin to treat CoNS and MRSA infections has been questioned due to observations of slower bactericidal activity, compared with nafcillin, than was previously recognised. 28 To address this issue we suggest that rigid guidelines should be adhered to with respect to the adequate timing of vancomycin infusion before skin incision. Should more rapid infusions be required, for example, in the emergency setting, pre-administration of intravenous diphenhydramine before vancomycin infusion can prevent the development of red man syndrome. 25 Limited data are available about the pharmacokinetics and CSF concentrations of vancomycin in neurosurgical patients. In a study reviewing intra-operative serum and CSF vancomycin concentrations of paediatric patients undergoing shunt implantation, the authors noted that CSF penetration was negligible in patients with non-inflamed meninges despite presumed adequate loading doses. 29 This was echoed in a later study determining that among non-meningitic patients, vancomycin CNS penetration was poor with a CSFto-serum ratio of only 18%. 30 Its increasing use over the course of decades has also led to a corresponding rise in minimum bactericidal concentrations of CoNS. 28 These unique findings should prompt an extensive review of prophylactic vancomycin use as there is currently no consensus on a recommended loading dose for neurosurgical procedures. In the meantime, researchers have attempted to improve the bactericidal activity in patients treated with vancomycin with varying measures of success. Vancomycin in combination with gentamicin results in more rapid bactericidal rates in animal models 28 and has been proven to be as effective as third-generation cephalosporins in preventing surgical site infection for neurosurgical procedures in a randomised trial. 31 Others have proposed intraoperative combined vancomycin-aminoglycoside administration either intraventricularly, for shunt hardware antibiotic bath immersion prior to implantation or applied in powder form within the subgaleal space of the wound with tenable positive results. 11, [32] [33] [34] Antibiotic-impregnated (by rifampicin with either clindamycin or minocycline) and silver-coated ventricular catheters offer the greatest promise in preventing shunt infection. 35, 36 There exists a growing body of evidence in support of antibioticimpregnated ventricular catheters and they are gradually replacing conventional plain silicone catheters in daily practice with considerable cost savings. [37] [38] [39] [40] There are also accompanying concerns about the development of antibiotic-resistant microorganisms and a recent meta-analysis has elucidated the higher risk of Gram-negative and MRSA shunt infections. 38 In this series, only 12 patients received antibiotic-impregnated catheters during the study period so it is difficult to draw any conclusion about their effectiveness.
Emergency VP shunting is another surgicalrelated risk factor for infection and was performed in more than half of patients who underwent the procedure. Its significance is the greatest among the three independent factors identified and is possibly the most amenable to change in current practice. The clinical condition of most patients with hydrocephalus who require primary VP shunting does not warrant emergency surgery although a few indications exist, for example, obstructive pineal region or cerebellar tumours that may present with acute symptoms. More than two thirds of patients (70%) in this study had conditions that necessitated delayed shunting when the primary disease had been treated and the patients stabilised. It is most likely because of limited availability of operating theatre among other related resources and the general practice that VP shunting is delegated to more junior members of the surgical team that this phenomenon prevails. Several reasons support why 'emergency' primary shunting should be discouraged. It has long been established by several protocol-driven trials that shunting should be performed as the first procedure of the operative day to minimise the risk of contamination. [9] [10] [11] To illustrate, a surgical incision time after 10 am was observed to be a predictor for infection. 5 In elective procedures the neurosurgeon in-charge and other responsible operating theatre staff are likely to be more experienced in comparison with personnel involved in emergencies. In particular, it has been shown that individual surgical experience is an important factor for infection with researchers stating a higher incidence among neurosurgical trainees or in surgeons who performed fewer than 147 shunts within a decade. 4, 41 Nonetheless, using the former stratification of trainee versus specialist, this was not evident in our cohort. Another argument against 'emergency' VP shunting could be the location where the procedure is performed. For a variety of resource allocation reasons, shunting scheduled as an emergency procedure is often not performed in neurosurgery-designated operating theatres. A study investigating the distribution of bacteria in the operating room environment and its relationship with ventricular shunt infections concluded that positive environmental cultures were more likely to occur in a theatre not devoted to neurosurgery. 42 Although procedure timing and location were not explored in this audit, it is believed that they were the principal explanations why shunts implanted as an emergency were more likely to become infected.
The time interval from shunt implantation to revision for infection in our study is longer than most published data with a median shunt survival of 64 days. 5, 34 Our data show that 92% (n=33) of shunt infections occurred within 6 months and is compatible with the commonly held belief that the infection begins intra-operatively with the inoculation of skin flora, either from the patient or surgeon, into the surgical wound. [42] [43] [44] This is further substantiated by the predominance of CoNS and S aureus in 81% of bacterial cultures in this patient series and similarly in several previous reports. 4, 5, [9] [10] [11] [12] 32, 35, 36, 43 Coupled with positive research findings that theatre discipline during surgery reduces infection risk, it seems reasonable to conclude that institutional shunt implantation protocols should be established. [9] [10] [11] [12] 32 Even though the performance of our neurosurgical community with regard to primary VP shunt infection meets international standards, there is room for improvement. The implementation of a standardised shunt surgery protocol that covers preoperative preparation as well as intra-operative and postoperative management has consistently been proven to be effective in reducing infection. [9] [10] [11] [12] 32 The landmark study by Choux at al 10 first demonstrated that meticulous measures-such as adopting a notouch technique for shunt handling, limiting the length of shunt exposure time and the number of people in the operating room-have dramatically decreased shunt infection rates from 16% to less than 1%. It is our belief that a similarly comprehensive protocol should be developed and based on the findings of this preliminary study.
This study has several limitations. Data collection was retrospective so key clinical information such as the presence of CSF leak and patient co-morbidities were missing. This may have led to inadequate control for confounding factors. An additional limitation inherent in studies of this nature is the potential presence of observational bias where data were collected without blinding after outcomes were known. Follow-up was incomplete with 68 (13%) patients defaulting from clinical review over the course of 3 years. Inadequate followup duration was also noted; seven (1%) patients were transferred to other hospitals within 30 days of the procedure and this might have influenced 30-day all-cause mortality findings. Finally, our definition of shunt infection did not include abnormal CSF biochemistry criteria that could have confirmed or refuted positive culture results of specimens that might have been contaminated during collection.
Conclusions
This is the first territory-wide review of infection in primary VP shunts conducted in Hong Kong's public health care setting. This study is also one of the largest in the literature examining shunt infection complications among a predominantly Chinese population. Shunt infection was the second most common cause for reinsertion occurring in 7% of patients. Significant independent predictors for shunt infection were TBI, vancomycin administration for prophylaxis, and procedures performed in an emergency setting. Although VP shunt infection rates meet international standards, there are areas of improvement that can be readily addressed such as the timing or dosage of vancomycin and the avoidance of performing the procedure as an emergency. The best approach to reducing shunt infection may be the design and adoption of a standardised shunt surgery protocol customised to local practice.
